I. Introduction {#sec1}
===============

Organic electronics has received considerable attention in the past three decades, and much effort has been spent on investigating and improving devices based on conjugated organic materials (COMs). The performance of organic electronic devices, like organic light-emitting diodes (OLEDs), photovoltaic cells (OPVCs), or field effect transistors (OFETs), is strongly affected by the interfaces between electrodes (metals, transparent conductive oxides, and conductive polymers) and the active COM layers.^[@ref1]−[@ref4]^ Importantly, these interfaces can become bottlenecks for charge carrier injection when the energy difference between the frontier energy levels of the COM and the electrodes is large. Various methods have been developed to minimize charge injection barriers, such as the deposition of molecular interlayers that form polar bonds with the electrode,^[@ref5],[@ref6]^ the growth of thin interlayers of high work function metal oxides,^[@ref7]^ and the deposition of self-assembled monolayers comprising intrinsic dipoles.^[@ref8]−[@ref10]^ In all cases, an interfacial dipole layer is formed that changes the energy-level alignment and, thus, the hole- and electron-injection barriers (HIBs and EIBs).^[@ref11]^ A striking example is the molecular interlayer of the electron acceptor 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) that reduces the HIB for *p*-sexiphenyl (6P) on a gold electrode by up to 1.2 eV.^[@ref12]^ In general, the magnitude of the HIB decrease is related to the electron affinity (EA) of the acceptor.^[@ref13]^ However, the EA is only one of many factors, as the complex mechanism of interfacial electronic interaction includes electron donation and back-donation between the substrate and the adsorbate and involves, in addition to the frontier energy levels, also deep-lying levels.^[@ref14],[@ref15]^ A further beneficial mechanism for molecular interface modification is surface-induced aromatic stabilization (SIAS) of an organic molecule upon bond formation with the metal electrode,^[@ref16]^ and the proposed mechanism for SIAS is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Moreover, adsorption-induced changes of the molecular conformation can create intramolecular dipoles,^[@ref17]^ and molecular reorientation in the monolayer^[@ref18],[@ref19]^ can further impact interface energetics.^[@ref20],[@ref21]^ Therefore, work function changes by molecular monolayer adsorption cannot be readily predicted by simple models,^[@ref13],[@ref22]^ and although charge-injection-controlling interlayers are already successfully used in devices, further fundamental research on model substrates is necessary to get a complete picture of energetics at strongly coupled organic--inorganic interfaces.

![Chemical structures of pyrene-tetraone and its derivatives (left) and their structures upon SIAS after reaction with the metal surface (right).](jp-2017-08451z_0001){#fig1}

In the present contribution, we provide insight into the impact of molecular orientation and electron affinity of electron acceptors in monolayers on a metal substrate. To that end, we investigated pyrene-4,5,9,10-tetraone (PyT) and two of its derivatives with electron-withdrawing functional groups, i.e., 2,7-nitro (NO~2~-PyT) and 2,7-bromo (Br-PyT) (chemical structures in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), which offer the additional possibility of reorientation on the surface.^[@ref20]^ The PyT backbone is promising because it is an ideal candidate for exploiting SIAS^[@ref16],[@ref23]^ in order to increase its acceptor strength:^[@ref24]^ For the isolated (nonadsorbed) molecule, the carbonyl bonds break the conjugation of the pyrene core. Upon adsorption on the surface, however, the bond order of the C=O bonds is reduced allowing the core to adopt a more pronounced aromatic structure. Moreover, carbonyl groups play a pivotal role in surface catalysis.^[@ref25],[@ref26]^ Apart from its potential application in electrode work function tuning,^[@ref27],[@ref28]^ PyT and its derivatives have attracted attention both in battery^[@ref29],[@ref30]^ and in sensor developments.^[@ref31]^ In the present contribution, we study the title compounds deposited on Au(111) and Ag(111) by ultraviolet and X-ray photoelectron spectroscopy (UPS, XPS) and the X-ray standing wave (XSW) technique,^[@ref32],[@ref33]^ complemented by density functional theory (DFT) calculations.

II. Experimental and Computational Details {#sec2}
==========================================

Experimental Methods {#sec2.1}
--------------------

The pyrene-based molecular acceptors were synthesized according to ref ([@ref34]). The metal single crystals were cleaned by repeated cycles of annealing (up to 550 °C) and Ar-ion sputtering. Afterward, the organic acceptor molecules were sublimed onto the clean surfaces from resistively heated sources. The nominal mass--thickness of the organic layers was monitored with a quartz crystal microbalance. During COM deposition as well as during UPS, XPS, and XSW measurements the samples were kept at room temperature. UPS and XPS were performed at the endstation SurICat (beamline PM4) at the synchrotron light source BESSY II (Berlin, Germany).^[@ref35]^ Spectra were collected with a hemispherical electron energy analyzer (Scienta SES 100) using an excitation photon energy of 35 eV for UPS and 650 eV for XPS. The secondary electron cutoff (SECO) spectra were obtained with the samples biased at −10 V. The error of energy values reported here is estimated to be ±0.05 eV. The experimental setup consists of interconnected sample preparation (base pressure \<7 × 10^--9^ mbar) and analysis (base pressure 1 × 10^--10^ mbar) chambers, which enables sample transfer without breaking vacuum conditions. Binding energy (BE) values are reported relative to the Fermi level of the clean metal crystals. The XSW experiments were done in back reflection geometry at beamline ID32 at the ESRF (Grenoble, France).^[@ref36]^ The submonolayer PyT and NO~2~-PyT coverage was confirmed by the evaluation of C 1s and Ag 3d photoemission intensities. PyT was measured in the "XSW chamber" of the ID32 endstation (base pressure 3 × 10^--10^ mbar) with the electron analyzer mounted at an angle of 45° relative to the incoming X-ray beam, while NO~2~-PyT was studied in the "HAXPES chamber" (base pressure 2 × 10^--10^ mbar) with a photoelectron emission angle close to 90°. The analysis of the XSW data was done using the software package *dare* (developed at the ESRF). The errors of the average bonding distances are estimated as ±0.05 Å. The non-dipole contributions to photoemission spectra collected at an emission angle of 45° were corrected according to refs ([@ref37] and [@ref38]). Core-level spectra (in the XSW as well as the XPS analysis) were fitted with Voigt profiles using the *Winspec* software package (University of Namur, Belgium). For NO~2~-PyT the carbonyl and the nitro oxygen species have been fitted separately. In the fitting process for the coherent positions and fractions, the latter depend critically on external parameters like the substrate's mosaicity, the experimental geometry, or noise in the data. Thus, the coherent fractions measured for NO~2~-PyT and PyT, respectively, cannot be directly compared. The coherent positions, however, are robust and do not depend critically on the experimental conditions.

Computational Methods {#sec2.2}
---------------------

DFT-based band structure calculations in the repeated-slab approach were carried out using FHI-aims^[@ref39]^ employing the Perdew--Burke--Ernzerhof (PBE)^[@ref40]^ generalized gradient approximation (GGA). Van der Waals (vdW) forces were accounted for through the vdW-TS scheme,^[@ref41]^ parametrized for molecules on surfaces.^[@ref42]^ The application of GGA functionals suffers from methodological deficiencies, in particular the self-interaction error^[@ref43],[@ref44]^ and the missing band gap renormalization at the interface.^[@ref45]−[@ref47]^ However, it has been shown that for molecules that hybridize with the metal surface, such as in the present case, the adsorption-induced work function modifications are generally appropriately described using PBE^[@ref48]^ and that employing hybrid functionals does not improve the situation significantly.^[@ref49]^ FHI-aims' "tight" basis set defaults have been used throughout, except for an increase of the cutoff potential of Ag to 4.0 Å. To facilitate the numerical convergence, a Gaussian broadening of 0.1 eV has been employed.

PyT and its derivatives were put onto 5-layer slabs of Ag or Au, with a \>20 Å vacuum gap separating periodic replicas of the slab in *z*-direction; a self-consistently determined dipole layer^[@ref50]^ in the vacuum was used to electrostatically decouple the periodic replicas. All atoms of the molecules as well as the top two metal layers were fully relaxed using a damped molecular dynamics scheme until all remaining forces were below 0.01 eV/Å. All calculations were done in a non-spin-polarized manner. To allow for a systematic comparison, a (3√3 × 5) unit cell as previously used in theoretical studies of F4-TCNQ on metal surfaces^[@ref15],[@ref48]^ was assumed for all systems. This unit cell was kept also for studying the upright-standing model system to show the impact of molecular reorientation. In this way, the obtained results are not additionally impacted by the expected higher packing density for an upright-standing phase. As the latter would very likely increase the molecular dipole density, the calculated work-function change for the low-density upright-standing phase represents a lower limit for what is to be expected in the actual film (see also discussion at the end of [section [III](#sec3){ref-type="other"}](#sec3){ref-type="other"}).

All geometries and the results of the final calculations have been uploaded to the NOMAD database ([www.nomad-repository.eu](www.nomad-repository.eu)) and are downloadable as a data set under the doi: <http://dx.doi.org/10.17172/NOMAD/2017.06.23-1>.

3D representations of the interface structures were produced using XCrysDen.^[@ref51]^

III. Experimental and Computational Results {#sec3}
===========================================

Impact of Electron-Withdrawing Substituents {#sec3.1}
-------------------------------------------

The expected metal--molecule charge transfer and the concomitant work function change crucially depend on the electron affinity of the adsorbed molecules. Therefore, in our study we assess the impact of the NO~2~ and Br substituents on the molecular oxidation potential, done by cyclovoltammetry (CV) ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08451/suppl_file/jp7b08451_si_001.pdf)). Therefrom, we determine the electron affinity (EA) of PyT to be 4.0 eV and find slightly higher values (4.2 and 4.3 eV) for the Br- and NO~2~-substituted derivatives, respectively. Naively, one could, therefore, expect that the work function change induced by all three molecules is the same within 0.3 eV. However, as shown in the following, this assumption is not always fulfilled.

Photoelectron Spectroscopy of PyT and Its Derivatives on Au(111) and Ag(111) {#sec3.2}
----------------------------------------------------------------------------

Turning toward the solid state, we start with the adsorption of the acceptors on Au, the less reactive metal compared to Ag. The evolution of the work function, as measured by UPS, is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} as a function of molecule coverage. For all three acceptors, we can distinguish between a low-coverage and a high-coverage region: At low nominal coverage, i.e., up to θ ≈ 6 Å, we find a strong reduction of the pristine Au work function from ϕ = 5.45 eV to 4.75 eV for PyT, 5.15 eV for NO~2~-PyT, and 4.95 eV for Br-PyT. At higher coverage, i.e., up to θ ≈ 100 Å, the work function remains essentially constant for PyT and NO~2~-PyT, while for Br-Pyt a further slight, roughly linear further work function reduction is observed. On the basis of these data, we ascribe the evoluation at low-coverage region to the formation of the first monolayer and higher coverage to multilayer formation. In general, the decrease in ϕ upon the deposition of all three acceptors on Au(111) points to a comparably weak interaction with the substrate. The magnitude of the overall workfunction decrease (Δϕ) for PyT on Au(111) is −0.70 eV and thus in the typical range found for physisorbed molecules on Au, where the push-back effect, i.e., the repulsion between the molecular and metal electron density, is the main origin of this work-function change.^[@ref52],[@ref53]^ The smaller Δϕ for NO~2~-PyT and Br-PyT can be explained by a larger adsorption distance due to the more bulky side groups that reduce the push-back effect.^[@ref54]^ This is supported by simulations, which are discussed below. An alternative scenario to explain the work-function evolution would be (very small) electron transfer from the metal to the adsorbate or a combination of both effects. In any case, the spread of the observed work function modifications is only slightly larger than the 0.3 eV difference of the EA values obtained from CV.

![Work function (ϕ) as a function of nominal coverage (θ) of the PyT derivatives on Au(111) and Ag(111), respectively. The error bar of all data points is ±0.05 eV.](jp-2017-08451z_0002){#fig2}

The situation is markedly different for Ag(111), as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. For all three acceptor molecules, we find two qualitatively different regimes. The low coverage regime is characterized by a pronounced *increase* of the work function from 4.50 eV for pristine Ag(111) to 4.85 eV (PyT, θ ≈ 6 Å), 6.15 eV (NO~2~-PyT, θ ≈ 12 Å), and 5.75 eV (Br-PyT, θ ≈ 6 Å). At higher coverage (up to 100 Å) all three interfaces show a gradual decrease of the work function. Noteworthy, the differences between the measured work function changes (1.3 eV) are now *significantly larger* than the differences of the molecular EAs obtained from CV (0.3 eV).

The increase in ϕ on Ag(111) by the adsorbed acceptors points to a charge transfer reaction involving a net electron transfer from Ag to the adsorbate. The increase in work function for NO~2~-PyT by 1.60 eV is significantly larger than that induced by F4-TCNQ on Ag(111) (Δϕ \< 0.70 eV)^[@ref48],[@ref55]^ and shows the high potential of this acceptor for achieving high ϕ electrodes. The maximum ϕ for NO~2~-PyT is reached for a nominal layer thickness of 12 Å (i.e., twice the value of the other two compounds). Assuming flat-lying molecules, which is a typical adsorption geometry for similar acceptors on clean metal surfaces^[@ref11],[@ref56],[@ref57]^ (and is evidenced for submonolayer coverage by XSW, see below), this corresponds to significantly more than monolayer coverage, which, therefore, would indicate metal--organic charge transfer beyond the monolayer. A more realistic scenario would be that the 12 Å film corresponds to an edge-on oriented monolayer; i.e., that we witness an orientational transition of the initially flat-lying NO~2~-PyT monolayer. Such a transient monolayer structure has already been observed for hexaazatriphenylene-hexacarbonitrile (HATCN) on Ag(111),resulting in an increase of the  the work function by 1.0 eV.^[@ref20]^

The qualitative differences between adsorption on Au(111) and Ag(111) are also clearly seen in the UPS valence band (VB) spectra for PyT and NO~2~-PyT (see [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). At low coverage, for PyT and NO~2~-PyT on Au(111) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), we can clearly identify characteristic substrate features (the metal Fermi edge, the Shockley surface state, d-bands in the region between 2 and 7 eV below *E*~F~), which strongly decrease in intensity with increasing θ. The metal Fermi edge remains visible even at the highest nominal coverage of 100 Å. This is strong evidence for island or Stranski--Krastanov (island on wetting layer) growth. Upon increasing coverage, also several molecule-derived features become clearly visible at binding energies ≥2 eV. Importantly, no additional features emerge close to the Fermi level (*E*~F~). Their appearance would point toward substantial electron transfer to the molecule.^[@ref12],[@ref16]^ Conversely, their absence indicates that no (significant) charge transfer occurs these systems. A close inspection of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a reveals a shift of the PyT-derived peak at ca. 8.8 eV to higher binding energy (by ca. 0.2 eV) with increasing coverage (inset in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). This shift is small compared to typical chemical shifts and rather attributed to a decreased final state screening for molecules farther from the metal.^[@ref57],[@ref58]^ Note that also the C 1s and O 1s core levels ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08451/suppl_file/jp7b08451_si_001.pdf)) show similar coverage-dependent shifts. This points to weak, i.e., nonchemisorptive interaction, indicating that SIAS is not occurring here.

![UPS valence spectra of sequentially deposited PyT (a, b) and NO~2~--PyT (c, d) on Au(111); the nominal coverage is denoted by θ. (a, c) Full UPS valence band spectrum and (b, d) zoom into the region near Fermi-level (*E*~F~) region; the insets depict the shift of the peak position of a PyT molecular level in more detail.](jp-2017-08451z_0003){#fig3}

![UPS valence spectra of sequentially deposited PyT (a, b) and NO~2~-PyT (c, d) on Ag(111). The nominal coverage is denoted by θ. (a, c) Full UPS valence band spectrum and (b, d) zoom into the near-Fermi-energy region. *E*~F~ denotes the Fermi level. The filled areas in b and d denote the approximate spectral contributions from organic/metal hybrid states and the anion species of PyT (NO~2~-PyT) determined by using the spectrum of pristine Ag(111) as the boundary.](jp-2017-08451z_0004){#fig4}

In contrast to the situation on Au(111), the adsorption for PyT and equally for NO~2~-PyT on Ag(111) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) produces molecular-derived states close to *E*~F~ (red area in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). Concomitantly, another distinctive broad feature at ∼3.0 eV BE (shaded area) and a shoulder at its low BE side (black area) appear. All three features show their maximum intensity between 3 and 6 Å coverage, which indicates that they originate from molecules in the interfacial region. The occurrence of the new peaks is reminiscent of what was observed for related acceptors on metal surfaces, e.g., F4-TCNQ,^[@ref12]^ HATCN,^[@ref59]^ 3,4,9,10-perylenetetracarboxylic-dianhydride (PTCDA),^[@ref17],[@ref60]^ perylene-3,4,9,10-tetracarboxylic diimide,^[@ref61]^ 6,13-pentacenequinone (P2O), 5,7,12,14-pentacenetetrone (P4O),^[@ref16]^ and diindenoperylene (DIP),^[@ref62],[@ref63]^ where substantial negative charge is transferred from the substrate to the molecule upon chemisorption. In analogy, we assign the feature close to the Fermi level to hybrid orbital(s) formed by metal states and the molecular LUMO now being partially filled. The feature at ∼2 eV BE (also extending into the shaded region at higher BE) is associated with the former HOMO of PyT (now also involved in hybridization with metal states and relaxed in energy). The broad peak at ∼3 eV BE as well as that at ∼8.4 eV BE also originate from PyT bound to the metal. The latter peak exhibits an apparent shift to higher BE (0.8 eV) with increasing coverage. This is much larger than the corresponding shift on Au and cannot be explained by screening alone.^[@ref57],[@ref58]^ Furthermore, in the C 1s core-level spectra of PyT on Ag(111) the strong chemical shift between aromatic carbon and carbon bound to oxygen is observed for multilayer coverage only but not for molecules in direct contact with the substrate ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08451/suppl_file/jp7b08451_si_001.pdf)). This observation is consistent with SIAS, where all carbon atoms become aromatic.^[@ref16]^

The VB spectra of NO~2~-PyT on Ag(111) ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c and [4](#fig4){ref-type="fig"}d) and the respective core-level spectra ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08451/suppl_file/jp7b08451_si_001.pdf)) are almost identical to those of PyT/Ag(111) pointing toward similar mechanisms. Core-level spectra of Br-PyT on Ag(111) ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08451/suppl_file/jp7b08451_si_001.pdf)) strongly suggest (partial) C--Br bond cleavage. However, from the large work function increase (up to 1.3 eV, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) upon deposition of Br-Pyt on Ag(111) and from the evolution of valence spectra ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08451/suppl_file/jp7b08451_si_001.pdf)) we conclude that also Br-Pyt undergoes pronounced charge transfer on the Ag(111) surface.

Bonding Distances of PyT/Ag(111) and NO~2~-PyT/Ag(111) Determined by the X-ray Standing Wave Technique {#sec3.3}
------------------------------------------------------------------------------------------------------

The similarity of the valence spectra of the PyT/Ag(111) and NO~2~--PyT/Ag(111) interfaces raises the question why the maximum work-function modification for the two adsorbates differ by more than 1 eV. A pronounced dependence of the work function change on the details of the adsorbate geometry (i.e., the molecular orientation or out-of-plane distortion) has been repeatedly discussed.^[@ref64]−[@ref66]^ To assess the role of the bonding distances and possible molecular distortions, we thus performed XSW experiments.^[@ref67],[@ref68]^ For organic monolayers on single-crystal metal substrates, XSW can access vertical adsorption distances with high precision by measuring the photoelectron yield (*Y*~p~) of adsorbate atoms as a function of the X-ray photon energy *E*.^[@ref33],[@ref69]^[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} displays the least mean square fits of *Y*~p~\'s, which give the coherent positions *P*~H~ and the coherent fractions *f*~H~. The former provide the average bonding distance *d*~H~ in terms of the lattice plane spacing *d*~0~ of the (111) Bragg reflection of the substrate via *d*~H~ = (*n* + *P*~H~)*d*~0~ (with *n* being a non-negative integer). The coherent fraction reflects the degree of vertical order of the adsorbate atoms and is 0 for total disorder and 1 for perfect order (i.e., the hypothetical case where all adsorbate atoms have identical bonding distance).

![Sketch of experimental bonding distances of (a) PyT and (b) NO~2~-PyT in submonolayers on Ag(111) obtained by a least mean square fit of the photoelectron yield (*Y*~p~) of the carbon and the oxygen, respectively, which is plotted together with the reflectivity as a function of photon energy minus Bragg energy (*E*~Bragg~ = 2.63 keV). *f*~H~ denotes the coherent fraction and *P*~H~ the coherent position.](jp-2017-08451z_0005){#fig5}

The XSW measurements for PyT submonolayers on Ag(111) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) yield average bonding distances of 2.46 Å for the carbon and 2.31 Å for the oxygen atoms; i.e., the oxygen atoms are found significantly closer to the substrate. The values are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Note that the averaged Ag--C distance is much shorter than for weakly interacting monolayers on the same substrate, e.g., DIP (3.01 Å),^[@ref70]^ 7,8,15,16-tetraazaterrylene (2.99 Å),^[@ref71]^ pentacene (2.98 Å to 3.12 Å),^[@ref72]^ or P2O (3.32 Å).^[@ref16]^ Moreover, also strongly interacting systems like P4O (2.69 Å) or PTCDA (2.81 Å to 2.86 Å)^[@ref38],[@ref73],[@ref74]^ have longer averaged Ag--C bonding distances, and the difference between averaged carbon and oxygen distances (0.15 Å) is smaller than that of P4O/Ag(111) (0.26 Å).^[@ref16]^ The low coherent fraction measured for the C atoms points to a bent carbon skeleton.^[@ref56],[@ref69]^ The short bonding distances and the bent conformation are a further clear indication of strong PyT/Ag interaction.

###### Experimental and Calculated Monolayer Bonding Distances (*d*~H~) of PyT and NO~2~-PyT on Ag(111) Derived from XSW Measurements (Submonolayer Coverage) and DFT Simulations[a](#tbl1-fn1){ref-type="table-fn"}

                                         carbon   carbonyl oxygen           nitro oxygen                                    
  ------------ ------------------------- -------- ------------------------- -------------- ------------------------- ------ ------
  measured     PyT/Ag(111)               2.46     0.27                      2.31           0.43                              
  calculated   2.56--2.92 (2.37--2.76)            2.26--2.34 (2.01--2.06)                                                   
  measured     NO~2~-PyT/Ag(111)         2.83     0.59                      2.27           0.43                      2.75   0.35
  calculated   2.60--2.90 (2.38--2.69)            2.32--2.39 (2.02--2.09)                  2.51--2.66 (2.31--2.45)          

Simulated results are given for a full optimization of the molecule without relaxation of the Ag lattice (i.e., neglecting surface relaxations). The distances after including the relaxation of the topmost layers, but reported with respect to the hypothetical, unrelaxed Ag surface, are given in brackets. These values are consistent with the actually measured quantities. For experimental results, also the respective coherent fractions (*f*~H~) are given.

The averaged Ag--C distance for NO~2~-PyT on Ag(111) is 2.83 Å and thus much longer than for PyT on the same substrate. Unfortunately, an experimental determination of bonding distances of nitrogen atoms on Ag(111) was not possible, as the N 1s signal too strongly overlaps with a Ag 3d plasmon.^[@ref71]^ Nevertheless, the position of the −NO~2~ group could be determined relying on the substantial chemical shift between carbonyl and nitro O 1s levels. Following ref ([@ref38]) we fitted each of the two O 1s components with a separate peak and used its area as input for the photoelectron yield in the further analysis. The oxygen atoms of the nitro groups are located significantly above the carbonyl-oxygen atoms, however, still below the carbon atom average, at a distance of 2.75 Å. Hence, there is essentially no vertical dipole introduced by the −NO~2~ groups that could explain the extraordinarily large work function increase observed for NO~2~-PyT. Comparing PyT to NO~2~-Pyt, the carbonyl oxygen atoms show almost the same bonding distance on Ag(111) (2.27 Å). The distance of the carbon skeleton is, however, increased by ca. 0.4 Å, which we attribute to the bulky NO~2~ groups.

Density Functional Theory Modeling {#sec3.4}
----------------------------------

Having established that PyT and its derivatives adopt a flat-lying conformation in the submonolayer, we turn to first-principles modeling via dispersion-corrected density-functional-theory based band-structure calculations. This yields complementary information on the impact of functional side groups on the electronic structure and allows us to gain fully atomistic insight. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a shows the calculated projected density of states (PDOS) of the three acceptors on Au(111). In all cases, the Fermi level cuts through the low-energy tail of the LUMO-derived feature. This implies that all molecules are at the onset of Fermi-level pinning; i.e., the work function of the combined systems is determined by the electron affinities of the adsorbate layers. However, substrate-to-adsorbate electron transfer is likely too small to be clearly observable in the UPS valence spectra. This explains why the observed trend in work functions correlates so well with that of the molecular electron affinities. In this context, it is noteworthy that calculated and measured work function values agree very well for all three molecules adsorbed on Au(111) (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

![PyT, Br-PyT, and NO~2~-PyT adsorbed on Au(111). (a) Projected density of states (PDOS) for the three molecules adsorbed on Au(111). The PDOSs are offset for clarity. (b) Adsorption-induced charge rearrangements Δρ (as defined in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) for the three molecules. (c) Cumulative charge transfer (as defined in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}) for the three molecules adsorbed on Au(111). The averaged position of the carbon atoms and the topmost Au plane are indicated by vertical lines. *q*~e~ represents the charge of an electron.](jp-2017-08451z_0006){#fig6}

###### Measured and Calculated Work Functions of the PyT Derivatives on Au(111) and Ag(111), Respectively[a](#tbl2-fn1){ref-type="table-fn"}

                         substrate   PyT                                    Br-PyT                                        NO~2~-PyT
  ------------ --------- ----------- -------------------------------------- --------------------------------------------- --------------------------------------
  measured     Au(111)   5.45        4.75                                   4.95                                          5.15
  calculated   5.16      5.04        5.02                                   5.22                                          
  measured     Ag(111)   4.50        4.85                                   5.75[b](#t2fn1){ref-type="table-fn"}          6.15[b](#t2fn1){ref-type="table-fn"}
  calculated   4.45      4.61        4.67[b](#t2fn1){ref-type="table-fn"}   4.97 (5.71)[b](#t2fn1){ref-type="table-fn"}   

The measured values are derived from the SECOs for a nominal coverage of 12 Å. DFT simulations have been performed for a coverage of one molecule in a 5 × 3√3 unit cell; all values given in eV.

As discussed in the main text, for those two cases in the experiments nonflat-lying adsorption configurations are expected at variance with the structures considered in the simulations. Thus, for the NO~2~-PyT case, a second calculated value for a (low-coverage) conformation with upright-standing molecules is included.

Quantifying charge transfer is always ambiguous since the "molecular charge" is not a physical observable *per se.* This is particularly problematic in the current case, as charge transfer is small and different charge-partition schemes can yield even qualitatively different results. Therefore, we rely on the real-space redistribution of electron density. In particular, we calculate the real-space charge rearrangements Δρ aswhere ρ^sys^ is the electron density of the combined system; ρ^slab^ is the electron density of the metal slab without the adsorbate; and ρ^ML^ is the electron density of a hypothetical, free-standing monolayer of the adsorbate. From Δρ, one can obtain the cumulative charge transfer function *Q* by integrating from infinity to the position of a plane *zQ* yields the amount of total charge that is transferred from above to below a plane at position *z* as a consequence of the adsorption of the molecule. The maximum absolute value of *Q* can serve as a measure for the net charge transfer between substrate and adsorbate.

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b shows the charge rearrangements, Δρ, for the PyT derivatives on Au(111) as a function of position above the substrate. For PyT and Br-PyT, *Q* (shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c) is positive at essentially all distances. This indicates a net shift of electron density toward the substrate, fully consistent with Pauli push-back.^[@ref6]^ Moreover, this also correlates well with Δρ, where we observe a pronounced increase in electron density within and directly above the substrate. In contrast, for NO~2~-Pyt, the evolution of the cumulative charge-transfer function displays a qualitatively different shape with a pronounced peak between the substrate and the adsorbate backbone. This is indicative of transfer of electrons into a molecular π-orbital (i.e., its LUMO). Here, this dominates over Pauli push-back in terms of contribution to ϕ. We attribute this observation to a combination of two effects: On the one hand, the increased distances of NO~2~-PyT lead to a reduction of the push-back effect compared to the other two molecules. On the other hand, the higher EA also leads to a larger electron transfer into the molecule.

On Ag(111), the DFT calculated geometries are consistent with the XSW measurements, showing PyT to adopt a bent conformation. In good agreement with the experimental values, the carbon atoms are found at distances between 2.56 and 2.92 Å and the oxygen atoms at distances between 2.26 and 2.34 Å from the uppermost metal atoms (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Such an agreement for the adsorption distances is a prerequisite for obtaining a meaningful electronic structure in the calculations.^[@ref15]^ Indeed, the calculated work function of 4.61 eV for the PyT covered Ag(111) surface is in good agreement with the measured 4.85 eV ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

On Ag(111), the filling of the LUMO-derived band is much more pronounced than on Au(111), as can be seen in the calculated PDOS of PyT and its derivatives ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). This is the reason why on this lower work function substrate the electron transfer to the adsorbate layer is unmistakably observed in the experiments (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The accumulation of the electron density is clearly seen in the charge rearrangements shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} b and c: All three molecules accept electrons from the surface with an increasing net transfer from PyT (0.45 electrons) to Br-PyT (0.50 electrons) and to face-on NO~2~-PyT (0.71 electrons).

![PyT, Br-PyT, and NO~2~-PyT adsorbed on Ag(111) for NO~2~-PyT results for face-on (lying) and edge-on (standing) orientations are displayed. (a) Projected density of states (PDOS). (b) Adsorption-induced charge rearrangements Δρ. (c) Cumulative charge transfer. The averaged position of the carbon atoms (for lying molecules) and the topmost Ag plane are indicated by vertical dashed lines.](jp-2017-08451z_0007){#fig7}

In passing, we note that on top of the charge transfer related dipole there is also a dipole caused by the bent-down carboxylic oxygens with the net effect causing the adsorption-induced work function change. All individual dipoles have to act such that the final work function eventually corresponds to the electron affinity of the adsorbate layer. As discussed in detail in ref ([@ref64]), this is a consequence of the Fermi level pinning situation and the fact that none of the molecular dipoles resides above the molecular backbone, where the LUMO is localized. This also explains why for PyT/Ag(111) and PyT/Au(111) very similar work function values are obtained in the simulations and in the experiments.

Concomitantly, in the simulations for Br-PyT/Ag(111) and NO~2~-PyT/Ag(111) the calculated work functions increase also on Ag(111) only slightly compared to PyT/Ag(111) analogous to the observations on Au(111). This, however, results in calculated work function changes for Br-PyT/Ag(111) and NO~2~-PyT/Ag(111) significantly smaller than those observed experimentally. This points toward a fundamental difference between the situation in the experiment and that assumed for the modeling (i.e., a monolayer of molecules lying flat on the surface). In the discussion of the experimental work function trends, charge transfer beyond the first adsorbate layer has been suggested as one possible origin for the large work functions experimentally obtained for NO~2~-PyT/Ag(111) (vide supra). This would, indeed, be consistent with the observation that at coverages up to the monolayer region the evolutions for PyT and NO~2~-PyT are nearly the same. In particular at a nominal coverage of 4 Å Δϕ is only 0.2 eV larger for NO~2~-PyT than for PyT and thus in quantitative agreement with the simulations of the flat-lying monolayer.

The key difference between the two systems is that, while Δϕ saturates for PyT at 6 Å, for NO~2~-PyT the maximum work function change occurs at a nominal coverage of 12 Å. In this view, the maximum work function of ϕ = 6.15 eV at 12 Å would then correspond to the situation of at least two essentially flat-lying layers with charge transfer also to the second one. A problem with this explanation is that for a Fermi-level pinned adsorbate layer, work functions significantly exceeding the molecular electron affinity are only expected in situations where dipole moments are located above the region in which the orbital responsible for the pinning is localized. This is, however, not the case for the (essentially) flat-lying layers here.^[@ref64]^

Such a situation could, however, be encountered for edge-on molecules at 12 Å nominal thickness. In general, the bonding distances in monolayers of edge-on molecules cannot be determined with XSW as the adsorbate atoms cover a wide range of bonding distances, which reduces the coherent fraction to zero.^[@ref56]^ Thus, to test that hypothesis, we calculated the situation for an upright-standing geometry of NO~2~-PyT. We emphasize at this point that changing the coverage would increase the work function for any arbitrary geometry. Indeed, by changing the coverage, it would be possible to reproduce (almost) any experimental value. In order to avoid producing a "right" result for the wrong reason, we therefore restricted the calculations to one upright standing molecule per (3√3 × 5) unit cell, i.e., to a situation with the same coverage as in the lying down situation. As expected, this results in a significantly amplified work-function increase to 5.71 eV (Δϕ = 1.26 eV). The absolute value is still smaller than observed experimentally, but this is merely attributed to the comparably low coverage in the simulations. Indeed, upon increasing the coverage of upright-standing molecules a significant further increase of the work function can be expected, as has been seen, for example, for the HATCN/Ag(111) interface.^[@ref20]^

Furthermore, it should be stressed that a significant increase of Δϕ could also be obtained for other adsorption geometries, such as a geometry which binds via two of the four carboxyl groups. Ideally, we would like to determine the energetically most favorable structure, especially around the coverage where the reorientation occurs. Although methods to determine monolayer structures at interfaces are currently under active development,^[@ref75]−[@ref77]^ without experimental input on the size or the shape of the unit cell, or the precise coverage, they presently remain too expensive to be performed on a routine basis. For this reason, it is important to understand the origin of the observed large work-function shift in more detail. As we will show in the following, only for an upright-standing NO~2~-PyT layer, work-function changes far beyond the expectation based on the molecular electron affinities are possible.

To understand that, it is first crucial to realize that Fermi-level pinning prevails for the upright standing layer, as can be seen in the corresponding DOS included in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. This notion is confirmed by the adsorption-induced charge rearrangements for the upright-standing NO~2~-PyT layer. The corresponding isodensity plot is shown [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, while plane-averaged charge rearrangements are contained in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b and c.

![DFT-calculated adsorption-induced charge rearrangements for the adsorption of an upright standing NO~2~-PyT monolayer, averaged in the direction perpendicular to the paper plane.](jp-2017-08451z_0008){#fig8}

One can see that adsorption results in a charge accumulation, which is mostly localized in the bottom half of the molecule; the nodal structure of the charge rearrangements is reminiscent of the molecular LUMO of NO~2~-PyT supporting the notion of Fermi-level pinning through a partial filling of hybrid states containing contributions of that orbital. This raises the question why pinning at LUMO-derived states causes work-function modifications that (in the calculations) are by more than 0.7 eV smaller for flat-lying molecules compared to upright-standing layers (with the trend being even more pronounced in the experiments).

To understand that, one has to keep in mind that in the case of Fermi-level pinning, in a first approximation, the electron affinity of the monolayer determines the sample work function.^[@ref13],[@ref78]^ This quantity is, however, strongly dependent on the orientation of the molecules within the monolayer due to the presence or absence of molecular dipoles at the periphery of that layer. The collective field from those dipoles then shifts the molecular states relative to the vacuum level, as some of us previously explained in detail.^[@ref79],[@ref80]^ In the present case, this results in a difference in the positions of the LUMO-derived bands relative to the vacuum level of ∼0.4 eV between lying and standing monolayers (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). This shift is primarily a consequence of the dipole moments of the −NO~2~ groups, which only for upright-standing molecules lie between the π-backbones and the vacuum. Again, it should be stressed that their effect is not diminished by the dipoles of the −NO~2~ groups between the molecules and the substrate (as one might assume on the basis of mere symmetry arguments). As discussed in detail in ref ([@ref64]) for the case of Fermi-level pinning those "bottom" molecular dipoles have to be fully compensated by the interfacial charge rearrangements. The cruicial role of the local dipole moment also explains why it is more sensible to assume a geometry where the molecule stands on the NO~2~ groups than on the C=O groups. In the latter case, the terminal group (H, Br, NO~2~) for all X-PyT molecules would be parallel to the surface and therefore would not contribute to the work-function increase at all. Although one would still expect a strong work-function increase upon reorientation of the molecule (due to the dipole moment of the C=O group protruding into vacuum), the final work function should then be (almost) the same for all three molecules. This is, however, not seen in the experiments (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Therefore, only adsorption geometries where the *z*-component of the dipole moment of the terminal group remains nonzero are consistent with the experimental observations.

![Densities of states calculated for standing and lying NO~2~-PyT layers plotted relative to the vacuum level above the sample. The vertical dashed lines indicate the position of the Fermi level, while the dotted lines denote the maximum of the LUMO-derived feature in the DOS projected onto the monolayer. Data for the standing layer are plotted in red, while those for the lying layer are in black.](jp-2017-08451z_0009){#fig9}

In order to understand how the reorientation affects the level alignment and, thus, the work function, it is important to remember that in Fermi-level pinned systems^[@ref81],[@ref82]^ the bond dipole between the substrate and adsorbate is always so large that it shifts the molecular state into resonance with the Fermi edge.^[@ref49]^ Molecular dipoles between the pinned state and the Fermi edge that would shift the molecular state to lower energies are therefore compensated by a large charge-transfer-induced dipole.^[@ref64]^ The large dipole, however, does not necessarily imply a larger transfer. Rather, it can also be realized by a larger distance over which the charge is transferred. Exactly this is also the case in the present system, where the reorientation from flat-lying to edge-on leads to a, on average, larger spatial distance between the substrate and the molecular core (i.e., it is π-system). Indeed, as a result of this larger distance, the net charge transfer for the edge-on configuration is even notably smaller than for the flat-lying geometry (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c), despite a larger overall bond dipole. In turn, as a result of the smaller net charge transfer, the Fermi level lies below the peak of the LUMO-derived DOS feature for the standing layer, while it is above the peak for flat-lying NO~2~-Pyt. This, together with an increased broadening of the peak in the upright-standing, case causes an additional work-function increase for that system.

IV. Summary and Conclusion {#sec4}
==========================

Employing complementary experimental and modeling techniques, we studied the geometry and electronic structure of pyrene derivatives with varying electron affinity adsorbed on Au(111) and Ag(111). The side-group functionalization increases the electron affinity in the order: PyT \< Br-PyT \< NO~2~-PyT. The interaction of the molecules with the Au(111) surface is comparably weak and dominated by Pauli push-back, especially for PyT. Upon increasing the electron affinity to that of NO~2~-PyT, a transition to weak chemisorptive interaction is observed, with (comparably minor) substrate-to-molecule electron transfer. Both the experimental and the computational results show that the adsorption-induced work function modification reproduces the trend of the isolated molecular electron affinity well, both qualitatively and quantitatively. In contrast, on Ag(111) we find strong chemical interaction between PyT, Br-PyT, NO~2~-PyT, and the surface. Both valence band photoelectron spectroscopy data and simulations clearly demonstrate substantial electron transfer from the metal to the adsorbate in all three cases. XSW measurements and DFT modeling show that the carbonyl groups are bent toward the surface and have virtually identical bonding distances for all molecules, while the average bonding distances of the carbon skeletons are significantly different (Δ = 0.37 Å in the XSW experiments).

For the Br-PyT/Ag(111) and NO~2~-PyT/Ag(111) interfaces, the experimental work function modification is extraordinarily large. The strongest increase is observed for NO~2~-PyT, where the maximum absolute work function is determined to be 6.15 eV, which clearly exceeds the expectations based on the molecular properties. In fact, a work function of 6.15 eV for a Ag(111) substrate goes far beyond what has been obtained for other molecules with even higher electron affinities.^[@ref48],[@ref55]^ We suggest that the extremely large work function change for NO~2~-PyT at 12 Å nominal coverage is due to an edge-on phase. For such a phase our simulations indeed show a massively increased work-function change compared to the face-on phase. Interestingly, this occurs in spite of the prevalence of Fermi-level pinning. This is explained as a consequence of the interfacial charge rearrangements in conjunction with the orientation-dependent electron affinity of the adsorbate layer. The fact that the edge-on phase is *not* observed in XSW experiments performed at much lower nominal coverage points to a coverage-dependent phase transition from face-on to edge-on.

Our results show that the interface energetics of metal/organic molecule contacts cannot be simply predicted from the electron affinities of the adsorbate molecules alone, although this parameter does significantly impact molecule--metal interactions. As a consequence, high work function modifications become possible even with acceptors considered as only moderately interesting in view of their electron affinities. For NO~2~-PyT on Ag(111) the reorientation in the monolayer (from face-on to edge-on) *de*creases the average electron transfer per molecule but *in*creases the work function. This is explained by a change of the electron affinity by reorientation and the increased length of the charge separation in the interfacial dipole. Thus, also for nonpolar acceptor molecules the orientation plays a crucial role, and for the employed acceptors, an edge-on orientation is beneficial for high substrate work functions. Consequently, adding anchoring groups to acceptors is a feasible tool for interface engineering also on practically more relevant electrodes than Ag(111).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcc.7b08451](http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.7b08451).Cyclic voltammetry data of PyT, Br-PyT, and NO~2~-PyT; X-ray photoelectron spectroscopy data of PyT, Br-PyT, and NO~2~-PyT on Au(111) and Ag(111), and ultraviolet photoelectron spectroscopy data of Br-PyT on Au(111) and Ag(111) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08451/suppl_file/jp7b08451_si_001.pdf))
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